Y box-binding protein 1 (YB-1) is a multifunctional protein that can act as a regulator of transcription and of translation. In chicken embryo fibroblasts transformed by the oncoproteins P3k (phosphatidylinositol 3-kinase) or Akt, YB-1 is transcriptionally downregulated. Expression of YB-1 from a retroviral vector induces a strong cellular resistance to transformation by P3k or Akt but does not affect sensitivity to transformation by other oncoproteins, such as Src, Jun, or Qin. The YB-1-expressing cells assume a tightly adherent, flat phenotype, with YB-1 localized in the cytoplasm, and show a greatly reduced saturation density. Both cap-dependent and cap-independent translation is inhibited in these cells, but the activity of Akt remains unaffected, suggesting that YB-1 functions downstream of Akt. A YB-1 protein with a loss-of-function mutation in the RNA-binding motif no longer binds to the mRNA cap structure, is localized in the cell nucleus, does not induce the flat cellular phenotype, and fails to interfere with P3k-or Akt-induced oncogenic transformation. This mutant also does not inhibit capdependent or cap-independent translation. These results suggest that YB-1 acts like a rapamycin mimic, inhibiting translational events that are required in phosphatidylinositol 3-kinase-driven oncogenic transformation.
Y box-binding protein 1 (YB-1) is a multifunctional protein that can act as a regulator of transcription and of translation. In chicken embryo fibroblasts transformed by the oncoproteins P3k (phosphatidylinositol 3-kinase) or Akt, YB-1 is transcriptionally downregulated. Expression of YB-1 from a retroviral vector induces a strong cellular resistance to transformation by P3k or Akt but does not affect sensitivity to transformation by other oncoproteins, such as Src, Jun, or Qin. The YB-1-expressing cells assume a tightly adherent, flat phenotype, with YB-1 localized in the cytoplasm, and show a greatly reduced saturation density. Both cap-dependent and cap-independent translation is inhibited in these cells, but the activity of Akt remains unaffected, suggesting that YB-1 functions downstream of Akt. A YB-1 protein with a loss-of-function mutation in the RNA-binding motif no longer binds to the mRNA cap structure, is localized in the cell nucleus, does not induce the flat cellular phenotype, and fails to interfere with P3k-or Akt-induced oncogenic transformation. This mutant also does not inhibit capdependent or cap-independent translation. These results suggest that YB-1 acts like a rapamycin mimic, inhibiting translational events that are required in phosphatidylinositol 3-kinase-driven oncogenic transformation.
Akt ͉ p3k ͉ cell transformation ͉ TOR P 3k and Akt were originally described as oncoproteins encoded by two highly tumorigenic retroviruses (1, 2) . P3k is a homolog of the catalytic subunit p110 of phosphatidylinositol 3-kinase and controls the activity of the Ser͞Thr protein kinase Akt, also referred to as protein kinase B. Both proteins are inherently oncogenic. The phosphatidylinositol 3-kinase-Aktsignaling pathway affects numerous and diverse cellular functions, many related to growth, survival, and differentiation (3) (4) (5) (6) . A downstream target of Akt is the Ser͞Thr kinase TOR, which regulates translation by targeting two proteins: the translation initiation factor 4E-binding protein 1 (4E-BP1 or PHAS-1) and the p70 S6 kinase (S6K) (7) (8) (9) . Hypophosphorylated 4E-BP1 binds to the initiation factor 4E and prevents the assembly of the translation initiation complex at the cap structure of mRNAs (10) (11) (12) . After TOR-dependent phosphorylation, 4E-BP1 no longer binds to 4E, freeing it for assembly of the initiation complex and for cap-binding. Phosphorylation by TOR activates S6K, which then phosphorylates the ribosomal protein S6, controlling the translation of 5ЈTOP mRNAs (mRNAs that contain an oligopyrimidine tract at their 5Ј termini) (13) (14) (15) (16) . This class of mRNAs encodes ribosomal proteins and translation elongation factors; the oligopyrimidine tract coordinates translation in a growth-dependent fashion. TOR plays a critical role in P3k-and Akt-induced oncogenic transformation. Inhibition of TOR by rapamycin induces cellular resistance to transformation by these two oncoproteins and reduces the growth of tumors that depend on a gain of function in the phosphatidylinositol 3-kinase pathway (17) (18) (19) . These data suggest that the TOR-dependent stimulation of translation is an essential component of P3k͞Akt-mediated oncogenesis.
In a survey of genes that are differentially expressed in Akt-transformed chicken embryo fibroblasts (CEF), we identified Y box-binding protein 1 (YB-1) as a potential Akt target. YB-1 is a multifunctional protein; it binds to DNA and RNA and controls both transcription and translation. As a transcription factor, YB-1 binds to the Y box promoter element CTGATTGG C ⁄T C ⁄T, containing an inverted CCAAT box, and either activates or represses gene expression. Examples of genes that are transcriptionally activated by YB-1 are multidrug resistance gene 1 (MDR-1), matrix metalloproteinase 2 (MMP-2), and protein tyrosine phosphatase 1B (PTP-1B) (20) (21) (22) . Genes that are transcriptionally repressed by YB-1 are MHC class II genes and collagen ␣1(I) (23) (24) (25) . YB-1 binds double-stranded DNA with low affinity; it has much higher affinities for singlestranded DNA and single-stranded RNA (21, 26, 27) . The association with RNA is not sequence-specific, but sites with a high G content are preferred (28) . YB-1 is the predominant protein component of messenger ribonucleoprotein particles and has a dose-dependent effect on translation (29) (30) (31) . Low concentrations promote translation, high concentrations inhibit (31) (32) (33) . YB-1 is composed of three domains, an amino-terminal alanine-proline-rich region, a centrally located cold shock domain (CSD), and a carboxyl-terminal region characterized by four alternating clusters of basic and acidic amino acids (34, 35) . The function of the amino-terminal domain is not known. The CSD facilitates binding to nucleic acids. It forms an antiparallel ␤-barrel, enfolding the nucleic acid like a chaperone protein (36) . CSDs are conserved in evolution from prokaryotes to higher vertebrates. The CSDs of YB-1 proteins are 100% identical in all vertebrates studied and are 45% identical to the Escherichia coli CspA protein. The carboxyl-terminal domain of YB-1 may contribute to DNA͞RNA binding and may also be a docking site for other proteins that interact with YB-1 (34, 37) . In vitro studies measuring translational activities attribute an inhibitory activity to this domain; the mechanism by which it interferes with translation remains unclear (33, 38) .
Here, we report that YB-1 is down-regulated at the transcriptional level by the Akt and P3k oncoproteins. Overexpression of YB-1 results in a complete and specific cellular resistance to oncogenic transformation by P3k or Akt. Akt activity in the resistant cells remains unaffected, suggesting that YB-1 functions downstream of Akt. Vector-expressed YB-1 inhibits capdependent and cap-independent translation and induces a flat, adherent cellular phenotype. A YB-1 mutant that fails to bind to RNA does not interfere with P3k-and Akt-induced transformation and does not affect protein synthesis or the cellular phenotype. These results suggest that YB-1 acts as a rapamycin mimic, controlling translational events that are essential for P3k-and Akt-induced oncogenic transformation.
Materials and Methods
Cell Culture and Viral Infection. Primary cultures of CEF were prepared from White Leghorn embryos obtained from SPAFAS (Preston, CT). Stable transfections using 5 g of plasmid DNA were carried out as described (39) . Immunofluorescent staining was performed as described (40) . The following viruses and oncogenes have been used in this study: PR-A (Prague strain of Rous sarcoma virus), v-src; and ASV17, v-jun (41, 42) . The oncogenes c-qin, myr-p3k⌬72, and myr-akt⌬11-60 were expressed by using the avian retroviral vector RCAS (43) (44) (45) (46) .
Total Gene Analysis (TOGA) Assay and RT-PCR. Total RNA was isolated from CEF transformed by myr-p3k⌬72 and myrakt⌬11-60 by using RNA STAT from Tel-Test (Friendswood, TX) according to the manufacturer's instructions. Cells from the same embryo transfected with only RCAS were used as a negative control. TOGA was performed at Digital Gene Technologies as described (47, 48) . The relative expression levels of YB-1 in normal and transformed cells were determined by quantitative real-time RT-PCR with the ABI PRISM 7700 sequence detection system (PE Biosystems, Wellesley, MA). Each reaction mixture contained 50 pg of cDNA template, 5 M forward and reverse primers, AmpliTaq Gold DNA polymerase, and the SYBR Green PCR master mix (Applied Biosystems). The primers were as follows: YB-1 5Ј-TGAACAAAAGAAT-TGGAACTGAAGA-3Ј (forward) and YB-1 5Ј-CAACAG-CAAAAAGCAAGCACTT-3Ј (reverse). Each sample was amplified for 40 cycles; RT-PCRs were carried out three times. For each cDNA template, the cycle threshold necessary to detect the amplified product was normalized to the cycle-threshold values of a control gene, glyceraldehyde-3-phosphate dehydrogenase.
Plasmids. pHCV-IRES encoding the bicistronic reporter CAT͞ luc has been described (49) and was kindly provided by Y. Nakamura (University of Tokyo). pFBnFLAG was generated by replacing the SalI͞NotI fragment containing the multiple cloning site of pFB (Stratagene) with a multicloning site (MCS) encoding the FLAG epitope flanked by SfiI(A) and SfiI(B) sites. cDNA encoding the chicken full-length YB-1 protein was isolated from CEF by PCR using the oligonucleotides 5Ј-GCG-GCCGCCACCATGAGCAGCGAGGCCGAGACCCAGC-CGCCC-3Ј and 5Ј-CTCGAGTTACTCAGCCCCGCCCTGCT-CGGCCTCGGG-3Ј. The PCR fragment was cloned into TOPO (Invitrogen), excised with EcoRI, and cloned into the EcoRI sites of the adaptor vectors pBSFI (44) and pFBnFLAG, resulting in pBSFI-YB-1 and pFBnFLAG-YB-1, respectively. RCAS(B)-YB-1 and RCAS(B)-FLAG͞YB-1 were generated by insertion of the SfiI fragment of pBSFI-YB-1, and pFBnFLAG-YB-1 into the SfiI site of RCAS(B). A YB-1 mutant bearing two point mutations within the RNP-1 motif (amino acids 68-72, GYGFI 3 GAGAI) was constructed by using the pFBnFLAG-YB-1 as a template for mutagenesis (QuikChange XL SiteDirected Mutagenesis Kit, Stratagene). The YB-1 sequence containing an amino-terminal FLAG tag and the mutated RNP-1 motif was excised with SfiI and cloned into RCAS(B), resulting in RCAS(B)-FLAG͞YB-1*.
Protein Analyses. Western blotting was done as described (50) . The following primary antibodies were used: ␣-phospho-GSK-3␤ (Ser-9, Cell Signaling Technology, Beverly, MA), ␣-phospho-S6K (Thr-389, Cell Signaling Technology), ␣-phospho-4E-BP1 (Ser-65, NEB, Beverly, MA), ␣-hemagglutinin (monoclonal, Babco͞Covance, Berkeley, CA), ␣-FLAG M5 (Sigma), ␣-4E (Cell Signaling Technology). 7-Methylguanosine triphosphate (m 7 GTP)-pull-down assays using 500 g of protein together with 50 l of m 7 GTP beads (Amersham Biosciences) were performed as published (51) . For chloramphenicol acetyltransferase (CAT) and luciferase assays, 1.5 ϫ 10 5 cells stably transfected with RCAS vectors were seeded into MP12 wells, grown overnight, and transfected (Lipofectamine Plus, GIBCO͞ BRL), each with 500 ng of pHCV-IRES, containing the bicistronic reporter CAT͞luc and 5 ng of the Renilla luciferaseencoding vector pRLCMV (Promega). After overnight incubation in medium with 7.5% serum, cells were serumstarved for 24 h (0.25% serum) and incubated in medium with 15% serum for another 24 h. Cell lysates were harvested by using the Passive Lysis Buffer of the dual-luciferase reporter assay system from Promega. CAT assays (Quan-T-CAT kit from Amersham Biosciences) and luciferase assays were performed with 10 g of protein.
Results YB-1 Affects Cellular Morphology, Growth Potential, and Susceptibility to Oncogenic Transformation. We have determined the expression profiles of CEF transformed by the P3k or Akt oncoproteins by using the TOGA technology and identified YB-1 among the transcriptionally down-regulated genes. The TOGA result was confirmed by quantitative real-time PCR with the RNA used in the TOGA screen and RNA from a different chicken embryo (Fig. 1) . The functional significance of reduced YB-1 expression in P3k-or Akt-induced oncogenic transformation was explored by expressing YB-1 with an amino-terminal FLAG tag from the RCAS retroviral vector. Control experiments had shown that the tagged construct and untagged YB-1 constructs behaved identically. Expression of the YB-1 protein was confirmed by Western blotting and immunofluorescent staining (data not shown). CEF expressing YB-1 changed shape and behavior. They became flat, showed fewer filopodia and increased spreading, and were more tightly attached to the supporting substrate ( Fig. 2A) . Although their initial growth rates did not differ significantly from that of control CEF, their final saturation density was only about half that of the controls (Fig. 2B) . This result suggests that YB-1 enhances the cellular contact inhibition of growth. YB-1-expressing CEF were also used in an assay for oncogenic transformation. They proved solidly resistant to the P3k and Akt oncoproteins, while retaining undiminished sensitivity to the oncogenicity of Src, Jun, or Qin ( Fig. 3 and Table 1 ). This resistance to transformation correlates with the expression profile of YB-1 in transformed cells, down-regulated by Akt and P3k but unaffected or enhanced by Src, Jun, or Qin, suggesting a specific inhibitory role for YB-1 in the P3k͞Akt-signaling pathway. and Akt. Oncogenic transformation by P3k or Akt depends on the activity of the TOR kinase, which controls rates of translation through the activities of 4E-BP1 and S6K (10, 12, 15) . Inhibition of TOR by rapamycin induces a specific cellular resistance to transformation by P3k and Akt (17) . This resistance probably reflects defective signaling from TOR to the translational machinery. YB-1 also has a controlling function in protein synthesis (31) (32) (33) . The similarities between rapamycin-and YB-1-induced resistance to transformation prompted us to check whether YB-1 might affect cellular susceptibility to P3k and Akt through its control of translation. We therefore generated a YB-1 mutant that fails to bind to mRNA. Following published studies, we introduced two amino acid substitutions in the RNA-binding motif of YB-1, replacing the sequence GYGFI with GAGAI (52, 53) . This mutant will be referred to as YB-1*. We expressed YB-1 and YB-1* in CEF, confirmed the expression by Western analysis (data not shown), and performed immunofluorescent staining to determine subcellular localization. As expected of a protein that is abundant in messenger ribonucleoprotein particles, YB-1 was found almost exclusively in the cytoplasm, which agrees with earlier reports (Fig. 5 Left) (54) (55) (56) . In contrast, YB-1* was exclusively nuclear. This observation suggests that the ability to bind to mRNA is necessary for the cytoplasmic localization of YB-1. Without a functional RNA-binding motif, YB-1 translocates to the nucleus. The carboxyl-terminal domain of YB-1 contains arginine-rich sequences that could function as nuclear translocation signals. The mutant YB-1* also failed to induce the flat, adherent cellular phenotype, did not affect cellular saturation density, and no longer induced resistance to oncogenic transformation by P3k and Akt (Fig. 5 Right) . These observations suggest that binding to mRNA and, by implication, control of translation, is indispensable for the observed effects of YB-1 on the cellular phenotype: increased adherence, reduced growth potential, and complete resistance to P3k-and Akt-induced transformation.
YB-1 Binds to the Cap Structure of mRNA.
A recent study found that YB-1 can bind to the cap structure of mRNA in vitro, competing with the cap-binding translational initiation factor 4E (38) . We tested for competition between 4E and YB-1 in cap-binding by using a m 7 GTP pull-down assay. m 7 GTP-Sepharose beads mimic the cap region of mRNA, are recognized by cap-binding proteins, and can be used for the isolation of such proteins (51, 57) . We performed this procedure with cells expressing YB-1 and YB-1* and identified the m 7 GTP-bound proteins in Western blots with anti-FLAG and anti-4E antibodies. As can be seen in Fig. 6 , YB-1 binds to m 7 GTP. In contrast, YB-1* fails to bind. Even long exposures of the blot did not reveal YB-1* pulled down by the m 7 GTP beads, yet both YB-1 and YB-1* were abundantly present in the total cell lysates used in the pull-down experiments. Binding of 4E to the beads was also found in extracts of YB-1-and YB-1*-expressing cells. Compared with control cells transfected with empty vector, the lysates of YB-1-and YB-1*-expressing cells showed no detectable reduction in the 4E-m 7 GTP interaction. This apparent failure of YB-1 to compete with 4E could be due to the excess of m 7 GTP beads used in the test or to the different affinities of YB-1 and 4E for the cap structure. However, the fact that YB-1 binds to the cap makes it a potential competitor of 4E. YB-1 Inhibits Cap-Dependent and Cap-Independent Translation. YB-1 can inhibit protein synthesis in vivo and in vitro, but available information does not discriminate between effects on capdependent and cap-independent translation (31-33). We measured the effect of YB-1 on cap-dependent and cap-independent translation with the bicistronic reporter construct pHCV-IRES (49) . In this reporter, the CAT gene is expressed from the cytomegalovirus promoter by cap-dependent translation; the luciferase gene is translated cap-independently by using an internal ribosome entry site (IRES). We transiently transfected pHCV-IRES into CEF expressing various combinations of YB-1, YB-1*, and Akt and determined efficiencies of translation for the cap-dependent CAT and the cap-independent luciferase (Fig. 7) . YB-1 reduced both cap-dependent and cap-independent translation Ϸ4-fold. Even in the presence of myristylated Akt, translation remained diminished, indicating that the YB-1-induced phenotype prevailed and confirming the conclusion that YB-1 functions downstream of Akt and of principal Akt targets. Because CAT͞luc mRNA levels remained unchanged, a possible inhibitory effect on the transcriptional expression of the reporter could be excluded (data not shown). The highly oncogenic myristylated form of Akt enhanced translation, activating capdependent and cap-independent mechanisms. The increase in cap-dependent translation agrees with the observation that Akt induces a TOR-mediated inactivation of 4E-BP1, thereby promoting initiation of translation. In contrast to YB-1, YB-1* did not reduce translation, suggesting that mRNA binding is required for the inhibitory effect of YB-1. In the presence of YB-1*, however, Akt did not enhance translation. This finding could be due to a remaining inhibitory activity of YB-1*, because the carboxyl terminus of YB-1 itself is able to reduce translation in vitro (33) .
Discussion
YB-1 can function as a regulator of transcription and of translation. It is also involved in the cellular responses to stress and DNA damage; a possible role in DNA repair and apoptosis has been suggested (54, 58) . Our data suggest that an inhibitory effect of YB-1 on translation and protein synthesis mediates interference with oncogenic transformation. The resistance to transformation is correlated with the ability of YB-1 to bind to the cap structure of mRNA and with inhibition of translation; it also requires an intact RNA-binding motif in YB-1. The mechanism by which YB-1 affects protein synthesis is not completely understood. In rabbit reticulocyte lysates, low concentrations of YB-1 promote translation; high concentrations block it (31, 33) . YB-1 may prevent the assembly of the translational initiation complex 4F at the mRNA by competing with the 4E initiation factor for binding to the cap structure (33, 38) . This activity would explain interference with cap-dependent but not with cap-independent translation. Both types of translation were inhibited in our reporter assays. Besides competing with 4E, YB-1 must therefore affect other essential components of the translational machinery. Pull-down experiments with m 7 GTP beads showed cap binding by YB-1 but did not reveal competition between YB-1 and 4E for the cap structure. Further work is required to explain this unexpected result.
Transcriptional regulatory activities require nuclear localization, yet, in the YB-1-expressing CEF that are resistant to P3k and Akt-induced oncogenic transformation, YB-1 is exclusively cytoplasmic. Cytoplasmic localization of YB-1 may be a direct consequence of binding to mRNA. When RNA binding is impaired as in YB-1*, the protein translocates to the nucleus. The carboxylterminal region of YB-1 contains several potential nuclear localization signals. A recent study describes a truncated YB-1 protein of Chironomus tentans, termed p40, that lacks Ϸ50 amino acids at the carboxyl terminus (59) . This protein becomes associated with pre-mRNA concomitantly with transcription and remains loaded onto the transcript during nucleocytoplasmic transport and during translation. YB-1 may behave in a similar fashion. This finding suggests that mRNA acts as the carrier molecule that transports YB-1 into the cytoplasm. Evidence exists that nuclear localization of YB-1 can result from association with p53, modification by kinases, or cleavage induced by thrombin (54) (55) (56) . The decision between the principal activities of YB-1 appears to be governed by cellular localization, nuclear for transcriptional effects and cytoplasmic for translation.
YB-1 shows aberrant activity in human cancers, for instance in carcinomas of the breast and of the lung (60) (61) (62) . In both types of cancers, YB-1 levels are increased. Yet these cancers also commonly show a gain of function in the phosphatidylinositol 3-kinase signaling pathway. The apparent contradiction to the results reported here is resolved by the predominantly nuclear localization of YB-1 in these human tumors. YB-1 may therefore function as transcriptional regulator in these situations. Among the transcriptional targets of YB-1 are the multidrug resistance gene 1 and matrix metalloproteinase 2, two genes important in cancer progression. On the other hand, adenocarcinomas of the lung in mice show transcriptional down-regulation of YB-1 (63) . Differential expression of YB-1 in cancers may therefore be positive or negative, depending on the prevailing function of YB-1, transcriptional vs. translational, in a particular cell system. YB-1 mimics some effects of rapamycin, presumably without affecting TOR directly. Both TOR and YB-1 are regulators of translation. TOR acts by phosphorylating 4E-BP1 and S6K, enhancing cap-dependent translation and translation of 5ЈTOP mRNAs. YB-1 regulates protein synthesis in a dose-dependent fashion by an unknown mechanism. TOR and YB-1 are both functionally dysregulated in P3k-or Akt-induced oncogenic transformation. TOR undergoes gain of function; YB-1 suffers loss of function. We speculate that the down-regulation of YB-1 facilitates protein synthetic activities that are required for P3k-or Akt-induced oncogenic transformation. 
